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Introduction
Zinc(II) complexes with dithiocarbamate ligands (Scheme 1) are worldwide used in the vulcanization process [1] [2] [3] . Zinc(II)-polythiocarbamato complexes with one or more sulfur atoms inserted in the zinc-dithiocarbamato bond have been proposed as intermediates [3] , but have never been isolated.
We have previously reported that zinc(II) complexes with dithiocarbimate ligands (Scheme 1) are also accelerators of the rubber vulcanization [4, 5] . Furthermore 2À anion was obtained as a by-product of the synthesis of the related dithiocarbimato complex anion. It was the first example of a zinc(II)-bis(trithiocarbimato) complex derived from sulfonamide [6] . Now we have purposely synthesized the same zinc(II)-bis(trithiocarbimato) complex: (Ph 4 P) 2 [Zn(CH 3 SO 2 N@CS 3 ) 2 ] (1) by the reaction of sulfur with the corresponding dithiocarbimato complex, confirming the X-ray data previously reported [6] . We have proved that the same methodology applies to other dithiocarbimato complexes by the preparation of three other compounds of this class of substances: (Ph 4 P) 2 Other important rubber vulcanization accelerators are the thiuram disulfides, R 2 NC(S)SS(S)CNR 2 (R = organic groups) [3] . To our knowledge, only one crystal structure of a thiuram disulfide analog derived from a sulfonyldithiocarbimate has been described in the literature: (Ph 4 As) 2 [(RN@C(S)SS(S)C@NR] (R = 4-ClC 6 H 4 SO 2 ) [7] . The study of such substances is also important for the elucidation of the rubber vulcanization mechanisms. We have investigated the iodine-promoted oxidation of the potassium methylsulfonyldithiocarbimate in attempting to obtain the disulfide derivative. Surprisingly a mixture of products was obtained, from which the anion [(CH 3 SO 2 N@C(S)SSS(S)C@NSO 2 Here we describe the preparation of compounds 1-5 and their characterization by elemental analyses, the IR, 1 H and 13 C NMR spectroscopies. The compounds 4 and 5 were also characterized by X-ray diffraction techniques. The environment of the Zn(II) in 4 will be compared with that observed for the complex 1 [6].
Experimental

Methods and materials
The solvents, potassium hydroxide and carbon disulfide were purchased from Vetec and used without further purification. The methanesulfonamide, 4-methylbenzenesulfonamide, zinc acetate dihydrate, tetraphenylphosphonium chloride and tetrabuthylammonium bromide were purchased from Aldrich. The R-sulfonyldithiocarbimate potassium salts dihydrate were prepared in dimethylformamide from the sulfonamides analogously as described in the literature [9] . The zinc(II)-bis(dithiocarbimato) complexes: (Ph 4 P) 2 Zinc(II) acetate dihydrate (0.7 mmol) was added to a suspension of potassium methylsulfonyldithiocarbimate dihydrate (1.5 mmol) in DMF (15 mL). The mixture was stirred for 1.5 h at room temperature and filtered. Water (15 mL) and tetrabutylammonium bromide (1.5 mmol) were added to the solution obtained. The mixture was stirred for further 15 min and the white solid obtained was filtered, washed with distilled water and dried under reduced pressure for one day, yielding (Bu 4 N) 2 
Syntheses of the zinc(II)-bis(tritiocarbimato) complexes
The appropriate zinc(II)-dithiocarbimato complex (1.6 mmol) was dissolved in DMF (10 mL). Sulfur (0.4 mmol) was added to the solution obtained and reacted immediately. An intensely yellow solution was formed. The mixture was stirred for 1 h at room temperature. Water (30 mL) was added and the yellow solid product obtained was filtered, washed with distilled water and dried under reduced pressure for one day, yielding 1-4 (ca. 88%). The solid product was dissolved in dichloromethane:ethanol 2:1. After slow evaporation suitable crystals for X-ray diffraction analyses of 1 and 4 were obtained.
Anal. Calc. for (Ph 4 P) 2 The infrared and the NMR spectra of 5 present the expected bands and signals corresponding to the tetraphenylphosphonium cation.
X-ray crystallography
The yellow single crystals of 1, 4 and 5 were used for data collected using graphite monochromatic Mo Ka radiation on a fourcircle j-geometry KUMA KM-4 diffractometer with a two-dimensional area CCD detector at room temperature. The x-scan technique with Dx = 0.75°for each image was used for data collection. The 960 images for six different runs covered about 95% of the Ewald sphere were performed. One image was used as a standard for monitoring the crystal stability as well as for monitoring the data collection after every 40 images. No correction on the relative intensity variation was necessary. Data collections were made using the CrysAlis CCD program [10] . Integration, scaling of the reflections, correction for Lorenz and polarization effects and absorption corrections were performed using the CrysAlis Red program [10] . The structures were solved by direct methods using the SHELXS of the SHELXL97 program [11] . The calculated E map revealed the Zn, S, P, O, N and most of the C atoms. The remaining C atoms were located from the difference Fourier synthesis. The structures were refined with the anisotropic thermal parameters for all non-hydrogen atoms. Difference Fourier maps gave electron density concentrations approximately located for all hydrogen atoms positions; these positions were idealized (HFIX 43 for all H atoms of the phenyl rings with isotropic thermal parameters of 1.2U eq of the carbon atoms joined directly to the hydrogen atoms, and HFIX 137 for the CH 3 group and HFIX 23 for CH 2 with isotropic thermal parameters of 1.5U eq of carbon atoms of CH 3 or CH 2 groups). Final difference Fourier maps showed no peaks of chemically significance. Details of the data collection parameters and final agreement factors for compounds 4 and 5 are collected in Table  1 . Selected bond lengths and angles and torsion angles are listed in Table 2 . Visualization of the structures was made with the DIAMOND 3.0 program [12] . The lattice parameters, the bond lengths and angles observed for compound 1 didnot differ from the previously published data [6] .
Results and discussion
The compounds 1-4 were synthesized as shown in Scheme 2. The zinc(II)-bis(dithiocarbimato) complexes precursors are described in the literature [4, 8] , except for (Bu 4 N) 2 [Zn(CH 3 SO 2 N@CS 2 ) 2 ] which preparation is described in this work.
As said before, the compound 5 was obtained accidentally during the attempt to obtain the disulfide derivative of potassium methylsulfonyldithiocarbimate.
The . This fact points to a similar coordination of the trithiocarbimato ligands in 2 and 4 but different from 1 and 3 (see the X-ray diffraction discussion). The spectrum of 5 shows an intense band in 1407 cm À1 assigned to the mCN vibration. This band is shifted to an even higher wavenumber with respect to the corresponding dithiocarbimate potassium salt (1260 cm À1 ) [13] . A multiple band between 990 and 905 cm À1 observed in the spectra of 1-5 was assigned to mCS 3 . The expected mSS band at ca. 500 cm À1 [14, 15] was obscured by other bands of the ligands and counter ions. The spectra of 1-4 show the expected band at 340-325 cm À1 assigned to the ZnS stretching vibration [16] . The 1 H NMR spectra of the compounds 1-5 showed the signals for the hydrogen atoms of the cations and the anions, the H NMR spectra of a mixture of 2 and 4 showed only one signal for the CH 3 hydrogen atoms, confirming that both compounds present the same complex anion. The same experiment for compounds 1 and 3 (in CDCl 3 ) showed the four signals with the same chemical shifts observed in the spectrum of 3. Their integration curves in comparison with the Bu 4 N + and Ph 4 P + cations signals were consistent with the 6 hydrogen atoms of the CH 3 groups, indicating that the same isomers were present in the solutions of 1 and 3. Whether they represent different coordination modes (S,S or N,S) or only geometrical isomers (Scheme 3) it could not be established. The X-ray studies of compound 1 showed that each trithiocarbimato ligand coordinates to the Zn(II) via S and N atoms in the solid state (Fig. 1) . The lattice parameters, the bond lengths and angles observed for compound 1 did not differ from the previously published data [6] . Therefore, they confirmed that we could purposely prepare exactly the same compound unintentionally obtained as a byproduct of the corresponding dithiocarbimate zinc complex synthesis. Nevertheless, the infrared spectrum of compound 1 showed some differences from the data early published, probably due to the presence of some dithiocarbimato-zinc-complex in the first sample, as the purification process used at that time consisted in the visual separation of yellow and white crystals under the microscope [6] .
The X-ray experiments showed that the asymmetric unit of compound 4 consists of a half N-(4-methylphenylsulfonyl)trithiocarbimate zincate(II) anion and a tetrabuthylammonium cation (Fig. 2) . The central zinc(II) lies on a twofold axis and is coordinated by four sulfur atoms of two trithiocarbimate anions, CH 3 C 6 H 4 SO 2 NCS 3 2À , in a considerably distorted tetrahedral geometry, with very distinct bond angles SAZnAS ( Table 2 ). The distortion from the ideal tetrahedral environment around the Zn(II) is due to the coordination by two sulfur atoms of each chelating ligand leading to the considerably smaller S1AZnAS3 or its equivalent S1
i AZnAS3 i bond angles when compared with the other SAZnAS angles involving the S atoms of both trithiocarbimate ligands. The five-membered rings involving the central Zn atom (Zn,S1,S2,C1,C3 or its equivalent) are almost planar (the greatest deviation of the atoms from the mean plane is equal to 0.047(2) Å) and form a dihedral angle of 96.1(2)°. The coordination environment around the Zn(II) in 4 ( Fig. 2 ) is different to that found in the complex 1 described previously [6] , in which the Zn cation is coordinated by the sulfur and nitrogen atoms of the sulfur-rich trithiocarbimate ligands (Fig. 1) . The N,Scoordinating mode of the trithiocarbimate ligands results in greater distortion of the N 2 S 2 -tetrahedral environment of Zn than the S 4 -environment of Zn as in the structure of 4. The average ZnAS bond length of 2.332 Å in 4 is slightly longer than that in 1 (2.285 Å), whereas the opposite relation in the distance of C1AN1 is observed [1.277(5) Å in 4 and 1.328(3) Å in 1]. The bond length of S1AS2 in both complexes is typical for the single bond value 2.03 Å observed in several organic compounds containing the disulfide SAS group [17] . The C1AS2 bond in 4, with a distance of 1.788(5) Å, is close to a single bond, while the C1AS3 bond with a distance of 1.689(4) Å represents nearly 75% double bond character [18, 19] .
Since the nitrogen atom N1 in compound 4 is co-planar with the five-membered ring Zn,S1,S2,C1,S3, therefore the partial delocalisation of the p-bond electrons of the N@C in the ring is possible Fig. 1 . View of the molecular structure of 1 with the labeling scheme. Symmetry code: (i) Àx, y, 0.5 À z. and leads to the elongation of the N@C bond and to the shortening of the bonds within the ring. The C1AN1AS4 as well as the N1AS4AC2 angles are significantly different than the expected values due to the steric hindrance effect of the sulfonyl and phenyl groups. Fig. 3 shows the crystal-packing of 4 viewed along the b axis. The molecular arrangement is mainly determined by the ionic attraction between the oppositely charged N-(4-methylphenylsulfonyl)trithiocarbimatezincate(II) anions and the tetrabutylammonium cations and by the van der Waals forces, since in the crystal there are no observed directional forces like hydrogen bonds.
Some trithiocarbamato complexes of transition metals are known [20, 21] . In general the trithiocarbamato ion is coordinated to the metal by two sulfur atoms as shown in the Scheme 4(a). The same coordination mode was proposed for the structures of the still not isolated zinc(II)-bis(trithiocarbamato) complexes [22] . Examples of sulfur-rich-nickel(II)-dithiocarbimato complexes have been synthesized and in these cases the coordination of the trithiocarbimate anion can be represented by the structure (c) in Scheme 4 [14, 15] . Compound 1 was the first example of a sulfurrich-zinc(II)-dithiocarbimato, and also the first example of a sulfur-rich-trithio-complex where the metal is coordinated by the sulfur and the nitrogen atoms (Scheme 4d) [6] .
The strong electron withdrawing property of the SO 2 group might be important for the coordination fashion observed in compound 1 (Scheme 4d). The SO 2 neighboring group stabilises the negative charge in the nitrogen atom, and the canonical form (II) (Scheme 5) contributes appreciably to the resonance hybrid. On the other hand, in the compound 4, the coordination feature is best represented as shown in the scheme 4(c). It seems that the repulsion between the larger aromatic groups in 4 is the key to the adopted coordination.
The molecular structure of compound 5 is shown in Fig. 4 . ) bond [24] . In the N-methylsulfonyldithiocarbimate unit the C2AS2 bond with a distance of 1.688(8) Å is significantly shorter than the C2AS3 bond with a distance of 1.817(7) Å. This fact is also observed for (Ph 4 As) 2 [(RN@C(S)SS(S)C@NR] (R = 4-ClC 6 H 4 SO 2 ) (CS bonds: 1.68 and 1.80 Å) [7] . The first bond length is between a typical C@S double bond and a CAS single bond, while the C2AS3 bond represents a typical single bond. Thus, the observed bond lengths in the bis(Nmethylsulfonyldithiocarbimate)-sulfide dianion can be illustrated by the canonical forms (a) and (b) as shown in the Scheme 6.
However, the planarity of the arms (S1,N1,C2,S2,S3,S4 and its equivalent) of the dianion 5 points to the sp 2 hybridisation of the orbitals on the C, N and S atoms. Thus the partial delocalisation of the p bond over N1, C2 and S2 atoms due to the symmetry of the p orbitals is possible and leads to the elongation of the C2@N1 double bond and to the shortening of the C2AS2 single bond ( Table 2 ). Fig. 5 shows the crystal-packing of compound 5 viewed along the a axis. The arrangement of tetraphenylphosphonium cations and bis(N-methylsulfonyldithiocarbimate)-sulfide dianions in the crystal is mainly determined by the ionic attraction forces and by the van der Waals forces. No hydrogen bonds between the oppositely charged units are observed. The bis(N-methylsulfonyldithiocarbimate)-sulfide dianions are located along the c axis with the planar arms (S1,N1,C2,S2,S3,S4 and its equivalent) almost parallel to the (1 0 0) and (0 1 0) plane, since both arms of the dianion are related by a twofold symmetry axis. The compound 5 was unexpectedly obtained. The oxidation of analogous salts, for example, potassium 4-chlorophenylsulfonyldithiocarbimate, involves dimerization of the anion by the formation of an S-S bond, followed by an intramolecular cyclization with elimination of sulfur [7] . This is a possible source of the third sulfur atom that gave rise to the bis(N-methylsulfonyldithiocarbimate)-sulfide dianion. To our knowledge, compound 5 is the first example of a bis(N-alkylsulfonyldithiocarbimate)-sulfide.
Conclusion
Four zinc(II) complexes with trithiocarbimato ligands (1) (2) (3) (4) were obtained. The compound 1 was already described in the literature [6] . In that case it was accidentally obtained. In this work it was intentionally prepared by the reaction of the correspondent zinc(II)-dithiocarbimato complex with sulfur.
The mCN region in their vibrational spectra of the new compounds, pointed to different coordination modes of the methylsulfonyltrithiocarbimato ligands (1 and 3) and the methylphenylsulfonyltrithiocarbimato ligands (2 and 4) in the solid state. The X-ray diffraction studies confirmed that the zinc cation in compounds 1 and 4 present different coordination environments. In 1 the trithiocarbimato ligand coordinates via S and N atoms while in 4 the coordination occurs via two S atoms of each ligand.
The NMR spectra of 2 and 4 are similar as they present the same complex anion. The 1 H and 13 C NMR spectra of 1 and 3 indicated the presence of isomers solution. The 1 H NMR spectrum of a mixture of 1 and 3 confirmed that the two solutions contain the same complex anions, in similar proportions. The influence of the R groups in the coordination features of the zinc complexes as well as the formation of the bis(tetraphenylphosphonium) bis(N-methylsulfonyldithiocarbimate)-sulfide 5 are under investigation. The structure determination of such compounds were very important since it has been proposed that polythiocarbamato ligands are key intermediates in the rubber vulcanization accelerated by zinc-dithiocarbamate compounds and by thiuram disulfides. The compound 5 is the first example of a bis(N-alkylsulfonyldithiocarbimate)-sulfide dianion.
We have proved that the zinc-dithiocarbimates and the bisdithiocarbimate anions readly react with sulfur, forming stable products. These results shall be important for the understanding of the vulcanization process under dithiocarbimate derivatives acceleration. 
